Hot Carrier Transportation Dynamics in InAs/GaAs Quantum Dot Solar Cell by Sogabe, Tomah et al.
Hot Carrier Transportation Dynamics in InAs/GaAs Quantum Dot Solar Cell
Tomah Sogabe∗
i-Powered Energy Research Center (i-PERC), The University of Electro-Communications, Tokyo, Japan
Department of Engineering Science, The University of Electro-Communications, Tokyo, Japan and
Research Center for Advanced Science and Technology (RCAST), The University of Tokyo, Tokyo, Japan
Kohdaai Nii and Katsuyoshi Sakamoto
Department of Engineering Science, The University of Electro-Communications, Tokyo, Japan
Koichi Yamaguchi
i-Powered Energy Research Center (i-PERC), The University of Electro-Communications, Tokyo, Japan and
Department of Engineering Science, The University of Electro-Communications, Tokyo, Japan
Yoshitaka Okada
Research Center for Advanced Science and Technology (RCAST), The University of Tokyo, Tokyo, Japan
(Dated: March 21, 2017)
The hot carrier dynamics and its effect on the device performance of GaAs solar cell and
InAs/GaAs quantum dot solar cell (QDSC) was investigated. At first, the fundamental operation
feature of conventional hot carrier solar cell was simulated based on the detailed balance thermody-
namic model. Then we investigated the hot carrier dynamics in the normal junction based solar cell
using hydrodynamic/energy Boltzmann transportation model (HETM) where the two temperature
(carrier temperature and lattice temperature are treated separately. For the first time, we report an
inherent quasi-equivalence between the detailed balance model and HETM model. The inter-link
revealed here addresses the energy conservation law used in the detailed balance model from different
angle and it paves a way toward an alternative approach to curtail the selective contact constraints
used in the conventional hot carrier solar cell. In simulation, a specially designed InAs/GaAs quan-
tum dot solar cell was used in the simulation. By varying the hot carrier energy relaxation time
, an increase in the open circuit voltage was clearly found with the increase of . Detailed analysis
was presented regarding the spatial distribution of hot carrier temperature and its interplay with
electric field and three hot carrier recombination processes (Auger, SRH and Radiative)
I. INTRODUCTION
Hot carrier solar cell has drawn a lot of attentions due
to its high theoretical efficiency limit of more than 80%
[1, 2]. Conventionally, implementation of hot carrier so-
lar cell requires (1) a photoactive material where cooling
is slower than the transport to contacts; (2) a contact
material which allows to selective extraction of electron
or holes through a narrow energy band [2]. Since this
model is based on thermodynamics, it lacks of the inter-
link to the semiconductor device. Especially the imple-
mentation of selective contact in terms of semiconductor
material is severely hindered due to the insufficient in-
terpretation of the energy conservation thermodynamic
constraints from the semiconductor device point of view.
This is one of the main targets of the current work i.e.
addressing the hot carrier operation principle from closed
form of Boltzmann device transportation model.
In a typical bulk semiconductor device, cooling oc-
curs in less than 10ps, while carrier extraction may take
nanoseconds or longer. A lot of efforts have been de-
voted to slow the cooling process by well controlling the
phonon scattering such as employing special bulk mate-
rials in which the energy coupling between phonon and
∗ sogabe@uec.ac.jp
electron could hardly occur. Recently, quantum well and
quantum dot have also showed potentials to slow the hot
carrier cooling rate[3]. An alternative way to slow down
the cooling rate is to enhance the carrier separation rate.
As having been reported in dye sensitized solar cell, an
interfacial charge transfer can be fast and in less than a
picosecond be exploited [4]. This is another target of cur-
rent work: we focus on the investigation of the hot car-
rier separation/transportation dynamics in InAs/GaAs
QDSC.
The paper is arranged as follows: 1) At first, the hot
carrier solar cell operation principle was simulated based
on the thermodynamic detail balance model containing a
cooling and hot competing process. 2) A hydrodynamic
model including the carrier energy w, where w = 32kTH
and T
H
denotes the hot carrier temperature, was used to
simulate a specially designed solar cell GaAs
n−emitter |
AlGaAs
barrier
| GaAs
intrinsic
| GaAs
p−base . The re-
sults were compared with the simulation results using the
drift-diffusion model (DDM) by varying internal electric
filed through adjusting GaAs intrinsic layer thickness,
hot carrier relaxation time as well as the AlGaAs bar-
rier thickness. 3) Detailed analysis regarding the spatial
distribution of hot carrier temperature and the interplay
with electric field and recombination was presented.
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FIG. 1. (a) the sketch of the ‘cool’ and ‘hot’ competing
process model. (b) Calculated results based on detailed bal-
ance principle together with energy conservation constraints.
Here, Ehot = 2.1eV and Eg = 1.5eV , V=
µout
q
. note:THwas
scaled down by 40 to fit on the same figure.
II. ’COOL’ AND ’HOT’ CARRIER COMPETING
MODEL
Figure 1(a) shows the thermodynamic principle involv-
ing ‘cool’ and ‘hot’ competing dynamics. The hot carriers
are assumed to reach a self-equilibrium between temper-
ature and chemical potential . For a hot carrier solar
cell,TH and µH are competing with each other and are
regulated based on the following equations [1]:
µout = µH(
Ta
TH
) (1)
J = q{XfsN(Eg,∞, Tsun, 0)−N(Eg,∞, Tearth, µH)}
(2)
J ∗ Ehot = q{XfsL(Eg,∞, Tsun, 0)− L(Eg,∞, Tearth, µH)
(3)
where Ta is the ambient temperature and Ehot is the en-
ergy separation between the extracted electron and hole
and in physics it equals to the kinetic energy; N( ) is the
photon flux density and L( ) is the energy flux density,
X and fs are the parameters related to light concentra-
tion. If the hot carrier reaches the thermal equilibrium
with ambient temperature Ta , then the hot carrier so-
lar cell becomes the conventional solar cell and the out-
put potential equals to µout = µH (the quasi-Fermi level
splitting). The J-V relation is derived by considering
both the particle conservation (number of absorbed pho-
tons = number of emitted photons) described in equation
(2) and the energy conservation in equation (3). Figure
1(b) shows the results of a hot carrier solar cell with
bandgap Eg = 1.5eV and the extraction energy separa-
tion Ehot was set at 2.1eV (note: this value can be varied
to sort the maximum conversion efficiency). It is clearly
seen here that by varying the output voltage V = µoutq ,
the temperature of carriers TH and and chemical poten-
tial µH showed opposite trend indicating the competing
behavior. As V increases, the output current decreases
due to the increased photon emission which follows the
Planck’s law n(E) ≈ E2exp[−E−µHkTH ]. Here we refer the
photon emission controlled by µH as a ‘cool’ process and
ones induced by temperature TH as ‘hot’ process. The
word ‘cool’ was so chosen as to reflect its similarity to
the normal solar cell where the photo emission is solely
controlled by chemical potential µ because TH is usually
assumed to be constant as Ta. The word ‘cool’ was also
chosen to reflect its value is much less than its counter-
part in the normal solar cell and becomes zero or nega-
tive at the vicinity of Voc. The existence of the ‘cool’ and
‘hot’ competition lies in the fact that for a hot carrier
solar cell, it allows both µH and TH to vary the number
of emitted photons so as to reach the detailed balance
with the totally absorbed photons. When V reaches the
Voc regime, the carrier temperature TH increases dramat-
ically while µH goes even to negative due to the stringent
constraints of particle conservation and energy conserva-
tion. In other words, conventional solar cell at Voc can
be viewed approximately as an emitting diode at ambient
temperature Ta while the hot carrier solar cell is exem-
plified as hot (high temperature TH) thermal engine with
µH being zero or even negative. as shown in the Figure
1(b).
III. HOT CARRIER DYNAMICS SIMULATION
USING HYDRODYNAMIC / ENERGY
TRANSPORTATION MODEL
After having investigated the competing dynamic be-
havior of the cool and hot carrier using the thermody-
namic model, we further studied the hot carrier relax-
ation and extraction effect on solar cell device perfor-
mance. This was implemented by converting the con-
ventional DDM into the hydrodynamic model where the
hot carrier energy w = 32kTH was included. We have
tackled this issue from two approaches: (i) a hydrody-
namic model including hot carrier energy transportation
3𝜕𝜕𝑡 𝑛𝑤 + 𝛻 ' 𝑆 − 𝐽 ' 𝜀 = 𝜕𝜕𝑡 𝑛𝑤 -. − 𝑤(𝐺 − 𝑅)
𝑱 ' 𝜺 = 𝒘𝑮 − 𝒘𝑹
Assumptions:
① steady state ② position independent ③ no scattering 
𝑱 ' 𝑬𝒉𝒐𝒕 = 𝒒𝑿𝒇𝒔𝑳 𝑬𝒈,∞, 𝑻𝒔𝒖𝒏, 𝟎 	− 𝒒𝑳 𝑬𝒈,∞, 𝑻𝒄𝒆𝒍𝒍, 𝟎𝑱 ∗ 𝑬𝒉𝒐𝒕 = 𝒘 𝒂𝒃𝒔	𝑮 − 𝒘 𝒆𝒎𝒊	𝑹
Energy conservation in Detailed Balance model
Energy conservation  in Boltzmann transportation model
Quasi-Equivalence
FIG. 2. Sketch of the derivation of quasi-equivalence between
the energy conservation in detailed balance model and energy
conservation in Boltzmann transportation model.
using the commercial software, the Crosslight APSYS;
(ii) extension of the self-developed DDM code to include
the effects such as the electric field dependent mobility
and diffusion coefficient as well as cooling and hot car-
rier competing dynamics illustrated in equation (1) [5–7].
The main formula used in approach (i) are given as fol-
lows [8]:
∇ · (c∇ψ) = −q(p− n+N+D −N−A ) (4)
1
q
∇ · Jn = −G+R (5)
1
q
∇ · Jp = G−R (6)
Jn
q
= µnn∇c +Dn∇n+ Sn∇Tn,H (7)
Jn
q
= µnp∇c −Dp∇p− Sp∇Tp,H (8)
∂
∂t
(nw) +∇ · S − Jn
q
· ∇c = ∂
∂t
(nw)|c − w(R−G)
(9)
where the Here equation (4), (5), (6), (7), (8) are the
familiar Poissons equation, current continuity equation
and current density. Note that in (7) and (8), there is
additional contribution to the current density due to the
hot carrier temperature gradient when compared to the
normal drift-diffusion simulation (DDM). These formu-
lae are physically corresponding to the particle conser-
vation equation (2) in thermodynamic detailed balance
model.The key feature in hydrodynamic/energy trans-
portation model is the energy balance equation (9). This
equation, based some assumptions, can be simplified to a
similar form of the energy conservation equation (3), as
shown in Figure 2.
If we assume that in a conceptual thermodynamic de-
vice, it is reasonable to assume that there is no position
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FIG. 3. Sketch of the derivation of quasi-equivalence between
the energy conservation in detailed balance model and energy
conservation in Boltzmann transportation model.
dependence, thus ∇ · S = 0 andthere is no scattering
(τw →∞) thus ∂∂t (nw) |c= 0. Equation (9) can then be
further simplified as:
J · ε = wG− wR (10)
Here ε is the electric field. Meanwhile, the formula (3)
in the thermodynamic detailed balance model is rewrit-
ten so that the photon currents can be related to the
energy currents via the average energies of the absorbed
〈wabs〉 and emitted photons 〈wemi〉 [9]. These average
photon energies are given by the absorbed or emitted en-
ergy currents divided by the appropriate photon currents
G and R. The formula (3) was finally changed to:
J · Ehot = 〈wabs〉G− 〈wemi〉R (11)
As shown in Figure 2, it is apparent that a quasi-
equivalence is built between the formula of (10) and for-
mula (11). It is interesting to note that the most intrigu-
ing and challenging parameter in the thermodynamic
model of hot carrier solar cell is the , which can be found
corresponding exactly to the electric field , as shown in
Figure 2. This indicates an alternative approach to im-
plement the selective contact concept in semiconductor
type hot carrier solar cell.
Figure 3 shows the simulated results where a spe-
cially designed solar cell GaAsn−emitter | AlGaAsbarrier |
GaAsintrinsic | GaAsp−base was used as reference sample.
A narrow n-type emitter was chosen and the intrinsic
layer (i-GaAs) was set at 100nm to enhance the electric
field effect. AlGaAs barrier was inserted between the
i-GaAs and n-GaAs emitter to tune the hot carrier dy-
namics. The band diagram at thermal equilibrium and
short circuit current Jsc as well as the open circuit volt-
age Voc were illustrated n Figure 3(c) and 3(d). In order
to further reveal the hot carrier transportation dynam-
4ics, energy dependent relaxation time τw was varied from
1× 10−14s to 1× 10−11s and the results were compared
with those calculated by conventional DDM in which the
hot carrier effect is ignored.
As it can be seen from 3(c), the Jsc tends to decrease
with the increase of the relaxation time τw. We at-
tributed the reduction of Jsc to the hot electrons induced
current leak to the back electrode. An electron block
layer acting as back surface field is expected to suppress
the current reduction. Interestingly, we found that Voc
simulated under the HETM model showed much higher
value than those simulated by DDM. Detailed analysis
regarding its variation with τw will be given in the next
section together with the interpretation of the hot car-
rier temperature distribution. In addition, the fill-factor
(FF) was found improved in the hot carrier dynamics
HETM simulation from 83.5% at 1× 10−14s to 84.8% at
1 × 10−11s. The FF increases with elongated carrier re-
laxation time indicating the enhanced carrier extraction
under hot states, which will be discussed in more detail
in the next section.
IV. DISCUSSION
A. Hot carrier temperature distribution
Figure 4 shows the hot carrier temperature distribution
simulated using the HETM model by varying τw under
a forward bias of 0.2V. The plot contains a x-y plot of
temperature distribution together with the 1-D band di-
agram of E(x). We integrated the two plots in one plot
to have a direct comparison between the electric field and
hot carrier temperature.
It can be clearly seen from Figure 4(a) that exten-
sion of carrier relaxation time caused much higher car-
rier temperature and reached the highest value of more
than 1200K when the τw is set as 1 × 10−11s. We
also found that the higher hot carrier temperatures were
mostly distributed around junction area and the gradient
gradually faded away the neutral region. Meanwhile, as
shown in Figure 4(b), the hot carrier temperature showed
strong dependence on the applied bias voltage. Forward
bias voltage tends to diminish the temperature gradient.
When the forward bias is greater than 0.9V, temperature
of the carrier at the neutral region is found even below
the lattice temperature (300K), indicating a cooling ef-
fect in the device. A quantitative analysis was presented
to gain more deeper insight on the spatial distribution
of the hot carrier temperature. If we define ∇c as the
electric field ε, and the scattering term ∂∂t (nw) |c as :
− nτw ( 32kTe − 32kTe), Tl and Te are the lattice and elec-
tron temperature respectively, then Formula (9) can be
simplified as
1
τw
(
Tl
Te
− 1) = 2
3nkq
Jn · ε− (G−R) (12)
Here we have also ignored the term ∇ · S. It can be
seen that under this assumption, there exists a direct link
between hot carrier temperature and the product of elec-
tron current and electric field Jn · ε as well as the net
generation (G − R). It is interesting to note that the
contribution from Jn · ε is competing against the contri-
bution from (G − R). Phenomenologically, this can be
understood as follows: while increasing the forward bias
voltage, Jn and ε both decreases so its contribution to
Te decrease as well. On the other hand, with increase of
the forward bias, the recombination R increases and the
net generation rate (G−R) decrease accordingly. There-
fore its contribution to hot carrier temperature increases.
Especially, when the device is under Voc condition, thus
Jn = 0 and equation (12) becomes:
1
τw
(1− Tl
Te
) = G−R (13)
In figure 4(b), we plotted both the spatial distribution
of Jn · ε and ε together with the hot carrier temperature
distribution under the applied external bias Vbias = 0.2V .
It was found that the hot carrier temperature distribution
was consistent with the electric field ε distribution while
showed great deviation with the Jn·ε. On the other hand,
it was found that the hot carrier temperature distribution
was strongly correlated with net generation (G-R) when
the external bias is at Voc and the results was presented
in figure 4(c). We also found the increase of hot carrier
temperature with increase of relaxation time.i.e longer
τw. All these results are consistent with equation (13).
It is also important to mention that from Figure 4(c) ,
we speculate that it is the difference in (G-R) between
HETM and DDM simulation at Voc induced the increase
of Voc in HETM simulation, as shown in Figure 3(d).
B. Hot carrier recombination behavior
In the HETM simulation, we have included the Auger,
SRH and radiative recombination into the simulation.
We found that for the device structure studied, SRH
recombination prevails the other two. For instance, at
Vappl = 0.2V , SRH:∼10−8/cm3s; Auger:∼10−9/cm3s
and Radiative:∼10−10/cm3s. Note that the recombina-
tion rate strongly dependes on the applied bias voltage.
HETM and DDM simulation. This means that SRH is
the dominating recombination which has direct effect on
the change of fill factor (FF). Detailed analysis results
were given in Figure 5(a),(b),(c),(d), where the calcu-
lated three recombination dependence on the relaxation
were given under forward bias of 0.9V. Meanwhile, for
better understanding the hot carrier effect, we plotted
the difference between HETM and DDM model. As can
be seen from Figure 5, Auger, radiative and SRH recom-
bination showed different tendency for the two models:
HETM showed much higher value for Auger and radia-
tive recombination than DDM but lower value for SRH
recombination. It is also interesting to note that extend-
ing the relaxation time enhanced the tendency i.e. longer
lifetime renders further higher value for Auger and Ra-
diative recombination and further lower value for SRH
recombination. Lower value of SRH at 0.9V is consid-
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FIG. 4. (a
¯
) Carrier temperature distribution under different
relaxation time; (b) Carrier temperature distribution together
with the spatial distribution of electric field ε and the product
of Jn · ε, the applied external voltage is 0.2V ; (c) Relation
between the hot carrier temperature distribution and spatial
distribution difference of net generation (G−R) and electric
field ε between HETM and DDM, the applied external voltage
is Voc
ered to contribute to the higher FF obtained from HETM
simulation, as mentioned in previous section. It is worth
to note that unlike the electric field, the spatial distribu-
tion profile for the three-recombination showed no con-
sistence with the spatial distribution profile of hot carrier
temperature. This is indicated by the dotted line shown
in Figure 5, which shows that the SRH minimal position
keeps constant for all the four types of relax times.
C. Increase of in HETM simulation
Here we gave a discussion about the increase of Voc ob-
tained from the HETM model from three different points
of view:
1. Simplified J-V relation:
One simple approximation for the J-V relation two-
temperature HETM can be made by taking the analogue
of conventional one-temperature J-V model while insert-
ing the temperature dependence for the related parame-
ters. The formula can be approximated as:
Voc,HETM ≈ m(TH)kTH ln{
Jsc
J0(TH)
+ 1} (14)
where the m(TH) is the temperature dependent ideal-
ity factor; J0(TH) is the temperature dependent recombi-
nation current, which corresponds to the SRH, Auger and
radiative recombination mentioned previously. We have
found that when at the Voc , the J0 calculated by HETM
was higher than the ones by DDM. Meanwhile, the device
temperature TH is almost equal to so the only parameters
which contribute to the increase of Voc is the ideality fac-
tor m(TH). Based on a simple relation between FF and
ideality factor derived by Green [10], increase of FF cal-
culated by using the HETM should be originated from
a decrease of ideality factor. From the analysis above,
we found the formula (14) failed to interpret the increase
of Voc calculated by using the HETM. In other words, a
simplified J-V diode model is not applicable to analyze
the HETM results.
2. Energy conservation analysis:
In principle, the difference between the DDM and
HETM is the applied energy conservation law shown in
the formula (9). The increase of Voc should be fully un-
derstood through the closed form of formula (9). At Voc,
the current Jn = 0, formula (9) then reduced to formula
(13).This is very significant result for understanding the
HETM model. We found (R − G) is depending on the
carrier temperature and relaxation time. Although fur-
ther investigation is needed to gain deeper insight on this
issue, net generation of (G-R) is considered to be the
most decisive factor which altered the value of Voc in the
HETM simulation.
3. Thermodynamic analysis:
We can also address the increase of Voc from an al-
ternative thermodynamic point of view. As described
in equation (1) and Figure 1(b), when a hot carrier solar
cell is approaching its Voc, the carrier temperaturem(TH)
will increase which will inevitably cause the reduction of
µH . However, in our current simulation model, since we
have not yet included the carrier separation term Ehot as
designed in Figure 1, the Voc represented here will be only
controlled by the first half of the equation (1): µ
H
( TaTH ).
If the TH is higher than the Ta, µH has to increase to
compensate the drop due to the increase of carrier tem-
perature. This can be considered as the reason for the
increased Voc observed here and will decrease in a nor-
mally operated hot carrier solar cell assuming the Ehot
can be correctly incorporated into the current hydrody-
namic and energy transportation model. In addition, it
is worthwhile to mention that the increases in can be con-
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FIG. 5. Carrier temperature distribution under 0.9V and
the Auger, SRH and radiative recombination for the carrier
energy relaxation time (a) 1 × 10−11s , (b) 1 × 10−12s, (c)
1 × 10−13s, (d) 1 × 10−14s
verted to evaluate the hot carrier temperature and will
be investigated in our future work.
Our further investigation will be focused on the com-
peting principle in formula (12) between the net genera-
tion (G-R) and the product of Jn · ε. We will compare
this competing principle with the competing behavior be-
tween ’hot’ and ’cool’ process in the thermodynamic de-
tailed balance model. Meanwhile, in current work, we
have ignored the anayalysis regarding the energy flux
∇ · S and will be given full investigation regarding its
effect on Voc. Meanwhile, an InAs/GaAs QDSC will be
fabricated based on the the simulated device structure
to verify the hot carrier transportation effects by vary-
ing internal electric filed as well as the AlGaAs barrier
height.
D. CONCLUSIONS
Hot carrier dynamics in GaAs based solar cell was
studied by using HETM by varying the hot carrier relax-
ation time and the results were compared to those sim-
ulated by using DDM. It was found that the Jsc tends
to decrease with the increase of hot carrier relaxation
time and showed lower value in the energy transport
model than the DDM model. The Voc, on the contrary,
showed much higher value and which was analyzed based
on both thermodynamic model and energy conservation
in HETM simulation. Detailed analysis regarding the
carrier temperature distribution and its relation to the
electric field and net generation (G-R) were presented.
Lastly increase of Voc was interpreted in different models
and found that the net generation (G-R) is possibly the
key element. Simulations are undergoing by including the
InAs QD into the current simulation model. Meanwhile
experimental characterization of InAs/GaAs QDSC will
be used to further examine the simulation results.
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